Because of the paucity of known self lipid-reactive ligands for NKT cells, interactions among distinct NKT cell subsets as well as immune consequences following recognition of self glycolipids have not previously been investigated. Here we examined cellular interactions and subsequent immune regulatory mechanism following recognition of sulfatide, a self-glycolipid ligand for a subset of CD1d-restricted type II NKT cells. Using glycolipid/CD1d tetramers and cytokine responses, we showed that activation of sulfatidereactive type II NKT cells and plasmacytoid DCs caused IL-12-and MIP-2-dependent recruitment of type I, or invariant, NKT (iNKT) cells into mouse livers. These recruited iNKT cells were anergic and prevented concanavalin A-induced (ConA-induced) hepatitis by specifically blocking effector pathways, including the cytokine burst and neutrophil recruitment that follow ConA injection. Hepatic DCs from IL-12 +/+ mice, but not IL-12 -/mice, adoptively transferred anergy in recipients; thus, IL-12 secretion by DCs enables them to induce anergy in iNKT cells. Our data reveal what we believe to be a novel mechanism in which interactions among type II NKT cells and hepatic DCs result in regulation of iNKT cell activity that can be exploited for intervention in inflammatory diseases, including autoimmunity and asthma.
Introduction
The liver is strategically situated to receive blood from the intestine that is rich in bacterial and food-derived antigens and is endowed with specialized lymphocytes that both maintain tolerance and generate limited immunity (1) . In some ways, the liver is endowed with mechanisms to induce immune tolerance. For example, it has long been known that in the absence of immunosuppression, allogeneic liver grafts can be established, whereas other organ grafts are rejected rapidly (2) . In addition, several infections persist in the liver, including the hepatitis B and C viruses and malaria (1) . On the other hand, immunity against hepatocytes results in autoimmune liver diseases such as autoimmune hepatitis and primary biliary cirrhosis (3, 4) , chronic inflammatory diseases that are characterized by loss of tolerance to hepatocytes and biliary epithelium, respectively, and lead to parenchymal cell destruction.
Concanavalin A-induced (ConA-induced) hepatitis in mice is a well-characterized model of T cell-mediated liver disease and has been extensively used as a prototype mimicking many aspects of human T cell-mediated liver disease (5) . It is associated with elevated serum liver enzymes, and hepatic lesions are characterized by a massive granulocyte and T cell infiltration (predominantly CD4 + ), followed by hepatocyte necrosis and apoptosis. Recently invariant NKT (iNKT; also referred to as hepatic type I NKT) cells have been shown to play a key role in the development of ConAinduced hepatitis: both J α 18 -/and CD1d -/mice that lack iNKT cells are resistant to ConA-induced hepatic injury (6) (7) (8) . NKT cells generally express both the NK1.1 receptor and the TCR and possess characteristics typical of innate immune cells (9, 10) . NKT cells recognize lipids, glycolipids, and lipopeptides presented by the class I MHC-like protein CD1 (11) . The CD1 family consists of 5 distinct isoforms and is divided into 2 groups: humans express group I molecules CD1a, CD1b, CD1c, and CD1e, and both humans and mice express the group II molecule CD1d (11) .
CD1d-restricted NKT cells can be broadly categorized into 2 groups. In mice, iNKT cells express a conserved invariant αβTCR encoded by the V α 14 (V α 24 in humans) and J α 18 gene segments paired with a set of V β chains, mainly V β 8.2, V β 7, or V β 2 (9, 10) . Both the self-glycolipid isoglobotrihexosylceramide and bacterialderived lipids can be recognized by these cells (12) (13) (14) (15) . Stimulation of iNKT cells with a high-affinity glycolipid ligand (α-GalCer, derived from a marine sponge) results in cytokine secretion, TCR downregulation, and apoptosis (12, (16) (17) (18) (19) . Type II NKT (i.e., non-iNKT) cells use variable TCRs, are distinct from the type I V α 14 + iNKT cells, and have been identified in both humans and mice (20) (21) (22) (23) . Although iNKT cells have been shown to be involved in autoimmune diseases, infectious diseases, and asthma as well as in the antitumor immune responses in both experimental models as well as in humans (reviewed in ref. 24) , not much is known about type II NKT cells. Recent studies have suggested potential roles of type II NKT cells in the transgenic model of hepatitis B virus infection (25) , immune surveillance against tumors (26) , Trypanosoma cruzi infection (27) , and EAE (23, 28) . Also, a role for type II NKT cells in the pathogenesis of ulcerative colitis has been suggested (29) . However, to our knowledge, cellular interactions among NKT cell subsets and their potential role in the regulation of an iNKT cell-mediated disease have not previously been investigated.
Sulfatide, 3′-sulfated galactosyl ceramide derived from myelin, binds promiscuously to several human CD1 molecules (30) and to murine CD1d and is recognized by type II NKT cells (23, 28) .
Adjuvant-free administration of sulfatide or its immunodominant species, cis-tetracosenoyl sulfatide, can either prevent or reverse antigen-induced EAE in CD1d +/+ mice but not in CD1d -/mice (ref. 23 and I. Maricic, unpublished observations). Although α-GalCer, which binds with very high affinity to CD1d as well as to the invariant TCR (31) , has been used to study the activation of NKT cells, to our knowledge, the consequences following their activation with self glycolipids have not been investigated. Here we have followed the dynamics of the immune cascade in liver following recognition of the self glycolipid sulfatide by type II NKT cells. Activation of sulfatide-reactive type II NKT cells resulted in preferential activation of plasmacytoid DCs (pDCs) and led to an IL-12-and MIP-2-dependent rapid recruitment of iNKT cells into mouse liver. Recruited iNKT cells became anergized, thereby preventing the induction of ConA-induced hepatitis. Following interaction with type II NKT cells, hepatic DCs from IL-12 +/+ but not IL-12 -/mice adoptively transferred anergy to iNKT cells in recipients. These data illustrate a unique pathway of cellular interaction leading to type II NKT/pDC-mediated regulation of iNKT cells, which has important implications for potential therapeutic approaches in inflammatory diseases, including autoimmune diseases, asthma, and antitumor immunity, in which iNKT cells have been shown to be substantially involved.
Results
Hepatic activation of type II NKT cells results in selective serum cytokine increase. Accumulation of NKT cells in liver has allowed us to examine their activation and cytokine secretion following recognition of a self glycolipid. Following injection of sulfatide into mice, the percentage of hepatic sulfatide/CD1d tetramer + cells began to increase within 1 hour, peaked around 3 hours (3-fold that of background), and returned to the background level by 24 hours ( Figure 1A) . A more pronounced staining of these
Figure 1
Activation of type II NKT cells and cytokine secretion following sulfatide injection. (A) Flow cytometric profile of liver MNCs isolated at the indicated times from groups of C57BL/6 mice (n = 2 per group) injected i.p. with 20 μg sulfatide (Sulf), 2 μg α-GalCer (α-Gal), or PBS alone. Two-color staining was performed using sulfatide/CD1d tetramers and anti-TCR-β. Numbers within boxes indicate percent positive cells in total liver lymphocytes. (B) Tri-color flow cytometric analysis of IFN-γ + cells in liver 3 hours after sulfatide injection. IFN-γ + cells in sulfatide/CD1d tetramer + (Tet + ) or tetramercells are shown. Numbers above brackets indicate percent positive cells. (C) ELISPOT analysis of splenocytes isolated at the indicated times from CD1d +/+ , CD1d -/-, or Jα18 -/mice following injection with sulfatide or PBS. *P < 0.002. (D) Serum cytokine levels in CD1d +/+ and CD1d -/mice were examined at the indicated time points following sulfatide or α-Gal-Cer injection. Values are mean ± SD. Data are representative of 3-4 individual experiments.
T cells with the sulfatide/CD1d tetramer even at 24 hours (increase in mean fluorescence intensity [MFI] from 385.8 in PBS to 579.5 in the sulfatide-treated group) suggests that they maintain their state of activation and do not downregulate their TCRs. As expect-ed, sulfatide-reactive T cells remained unchanged in number and in their state of activation following α-GalCer or PBS injection ( Figure 1A ). On the other hand, there was a marked increase in sulfatide/CD1d tetramer + IFN-γ + cells in sulfatide-injected mice Figure 1B ). To further examine the CD1d-dependent and iNKT-independent activation of sulfatide-reactive T cells, enzyme-linked immunosorbent spot (ELISPOT) analysis was carried out on splenocytes from CD1d +/+ , J α 18 -/-, and CD1d -/mice injected with sulfatide or vehicle. As shown in Figure 1C , the frequency of IFN-γ-secreting cells significantly increased (2-to 3-fold) following sulfatide injection in CD1d +/+ and J α 18 -/mice, but not in CD1d -/mice. These data clearly indicate that sulfatide-reactive non-iNKT cells are activated and secrete cytokines following recognition of the self-glycolipid and that this is dependent upon the presence of CD1d molecules and independent of the presence of iNKT cells.
Next we determined whether activation of sulfatide-reactive type II NKT cells results in an increase in serum cytokine levels. As shown in Figure 1D , levels of IL-12 (p40/p70) and IFN-γ, but not IL-4, were markedly increased in CD1d +/+ mice, but not CD1d -/mice, that were injected with sulfatide. Serum IL-12 levels peaked earlier with α-GalCer (3 hours) than with sulfatide injection (12 hours). Although serum IL-12 levels were similar following injection with either lipid, IFN-γ levels were 10-fold lower in mice injected with sulfatide compared with α-GalCer. These data demonstrate a selective increase in serum cytokines IL-12 and IFN-γ but not IL-4 following activation of sulfatide-reactive type II NKT cells.
Preferential activation of hepatic pDCs during type II NKT cell activation. Because DCs are known to secrete IL-12 upon activation, we examined activation of hepatic pDCs and myeloid DCs (mDCs) (32) following type II NKT activation. A marked increase occurred in pDCs (B220 + CD11c int ; Figure 2A ), B220 + CD11c int cells (Figure 2A ), and PDCA-1 + CD11c + cells ( Figure 2E ), but not mDCs (CD11c hi CD11b + ; Figure 2A ) or PDCA-1 -CD11c + cells ( Figure 2E ), following sulfatide-reactive type II NKT cell activation. In contrast, a marked reduction in the number of pDCs and an increase in the number of mDCs (CD11c hi CD11b + ) followed iNKT activation with α-GalCer ( Figure 2A ). These data suggest that sulfatide and α-GalCer may target different DC populations in the liver, and in particular that pDCs are prominently affected following activation of type II NKT cells. This differential pattern of activation was also reflected in the upregulation of costimulatory molecules including MHC class II, CD80, CD86, and CD1d on pDCs and mDCs following sulfatide or α-GalCer injection ( Figure 2 , B and E). Interestingly, CD40 expression on pDCs increased in both cases, whereas it was upregulated on mDCs following injection with α-GalCer but not sulfatide. There was no detectable stimulation of either DC population in CD1d -/mice, indicating CD1d dependence (data not shown).
Next we determined the dynamics of CD1d expression on hepatic pDCs and mDCs following injection of these 2 glycolipids. Figure 2C shows that CD1d expression increased only on pDCs in the sulfatide-treated group. In contrast, CD1d expression was enhanced on both pDCs and mDCs following α-GalCer injection. Consistent with selective activation of pDCs following sulfatide injection, IL-12 (p40/p70) secretion was also enhanced significantly in hepatic pDCs ( Figure 2D ).
Recruitment of iNKT cells into liver following activation of sulfatide-reactive type II NKT cells. Next we sought to determine whether activation of hepatic sulfatide-reactive type II NKT cells and pDCs following sulfatide recognition has an immunomodulatory effect on iNKT cells. Surprisingly, activation of type II NKT cells resulted in a marked increase in α-GalCer/ CD1d tetramer + T cells as well as in TCR-β int (IL-2Rβ + TCR-β + ) and NKT (NK1.1 + TCR-β + ) cells in liver 3 hours following sulfatide injection ( Figure 3A ). In contrast, following α-GalCer injection, α-GalCer/CD1d tetramer + cells were affected and were almost undetectable by flow cytometry at 3 hours ( Figure 3A ). Because activation of iNKT cells with α-GalCer results in downmodulation of TCR and apoptosis. A summary of the changes in percentage and in absolute number of α-GalCer/CD1d tetramer + and sulfatide/CD1d tetramer + cells among PBS-, sulfatide-, and α-GalCer-injected mice is shown in Figure 3 , B and C, respectively. However, there was no change in the total number of cells among the 3 groups ( Figure 3D ). There was no significant activation of NK cells (NK1.1 + TCR-β -), B cells (B220 + TCR-β -), or classical T cells (NK1.1 -TCR-β + ) in sulfatide-injected mice (data not shown). The CD1d dependence was demonstrated by the absence of increase in either type of NKT cell in CD1d -/mice ( Figure 3E ). An increase in NK1.1 + TCR-β + cells in J α 18 -/mice following sulfatide injection ( Figure 3E ) indicated expansion of type II NKT cells in the absence of iNKT cells.
Involvement of IL-12 and MIP-2 in sulfatide-mediated recruitment of iNKT cells into liver. To examine the possible role of cytokines in the recruitment of lymphocytes into liver, we initially focused on IL-12 secretion by hepatic DCs. As shown in Figure 4 , A and D, hepatic recruitment of iNKT cells did not occur in mice injected with anti-IL-12 mAb or in IL-12p40 -/mice at the time points examined. An isotype-matched control Ab had no effect on the recruitment. Next we examined the role of MIP-2 by RNAase protection assay (RPA), RT-PCR (data not shown), and real-time PCR analysis ( Figure 4B ) of liver tissues at the indicated time points and found a significant increase in the expression of MIP-2 following sulfatide injection. No significant increase in the expression of the chemokines RANTES, MIP-1β, MIP-1α, IP-10, MCP-1, and TCA3 was detected by the RPA assays (data not shown). Treatment of mice with neutralizing anti-MIP-2 antibody, but not with an isotype-matched control, resulted in significant inhibition of recruitment of iNKT cells (Figure 4 , C and D). These data support the important role of both IL-12 and MIP-2 in the recruitment of iNKT cells into liver.
Recruited iNKT cells are not activated, but are anergized. To investigate the possibility of bystander activation of hepatic memory-like iNKT cells caused by activation of pDCs and type II NKT cells, we examined their upregulation of the early activation marker CD69 and cytokine secretion. As shown in Figure 5A , while CD69 was markedly upregulated on iNKT cells following injection of α-GalCer, no marked increase occurred in percent or MFI of α-GalCer/CD1d tetramer + cells in sulfatide-or PBS-injected mice. Sulfatide injection caused increased CD69 expression within the non-iNKT population ( Figure 5A ), indicating their activation, but did not increase IFN-γ + α-GalCer/CD1d tetramer + cells ( Figure 5B ). In contrast, injection of α-GalCer resulted in 100% of the α-Gal-Cer/CD1d tetramer + cells staining for IFN-γ secretion. Collectively, these data show that recruited iNKT cells are not activated following sulfatide injection.
We next examined whether the recruited iNKT cells are anergized by assessing their proliferation in response to an in vitro challenge with α-GalCer in the presence or absence of IL-2. Our results showed a significant inhibition of proliferation to α-GalCer (>70%) that was reversed by the addition of IL-2 in cultures from sulfatide-treated mice ( Figure 5C ). Similarly, the CFSE dilution profile of α-GalCer/ CD1d tetramer + cells showed a complete inhibition of proliferation in response to α-GalCer stimulation in vitro within 3 hours that continued until day 5 and recovered by 2 weeks, and this CFSEdetected inhibition of iNKT cell proliferation was reversed by the addition of IL-2 but not IL-12 ( Figure 5D ). Next we examined the role of IL-12 in the induction of anergy in iNKT cells in vivo. The loss of anergy induction following activation of type II NKT cells observed in IL-12p40 -/mice ( Figure 5E ) clearly indicates a requirement for IL-12 in the anergy induction in iNKT cells in vivo.
Adoptive transfer of hepatic DCs from sulfatide-injected IL-12p40 +/+ but not IL-12p40 -/mice can induce anergy in the recipient's iNKT cells. Hepatic DCs should play a crucial role in the activation or inacti- vation of NKT cells. We examined whether iNKT cell anergy can be induced by hepatic CD11c + DCs that have been rendered tolerogenic following the activation of sulfatide-reactive type II NKT cells. At the same time, we also examined the role of IL-12 secretion by DCs in anergy induction. Liver CD11c + DCs purified from IL-12p40 +/+ or IL-12p40 -/mice injected with sulfatide-, β-GalCer-, or PBS were adoptively transferred into naive recipients. As shown in Figure 6 , complete inhibition of proliferation (CFSE dilution and thymidine incorporation) of iNKT cells in response to α-Gal-Cer was found in the recipients of DCs from sulfatide-injected mice. In contrast, proliferation of iNKT cells was not inhibited in recipients of DCs from PBS-or β-GalCer-injected mice. No inhibition of proliferation was detected when DCs were transferred from sulfatide-treated IL-12p40 -/mice compared with PBS-treated IL-12p40 -/mice. These results clearly showed that iNKT cell anergy is mediated by hepatic DCs rendered tolerogenic following activation of type II NKT cells and that IL-12 secretion by DCs plays a crucial role in the anergy induction.
Administration of sulfatide prevents ConA-induced hepatitis. Because ConA-induced liver damage is mediated by iNKT cells (6-8), we have used this model of liver disease to examine one consequence of the functional inactivation of iNKT cells in vivo. As shown in Figure 7A , serum elevation of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in response to ConA injection was significantly reduced in sulfatide-treated mice compared with mice without sulfatide treatment. Histological examination showed diffuse and massive infiltration and severe necrosis in control mice that was significantly reduced in sulfatide-treated animals ( Figure 7B) . Similarly, at a macroscopic level, the white spots indicative of severe necrosis observed following ConA injection were absent in sulfatide-treated IL-12p40 +/+ mice ( Figure 7C) . Notably, loss of anergy induction in IL-12p40 -/mice correlated with the loss of sulfatide-mediated protection from ConA-induced liver disease, as assessed by liver morphology and liver enzymes (Figure 7 , C and D). These data clearly indicate that IL-12-dependent, sulfatide-induced anergy of iNKT cells is the key mechanism in the prevention of ConA-induced hepatitis.
Sulfatide-mediated inhibition of effector pathways is a key mechanism of protection from liver damage. In order to determine the mechanism by which inactivated iNKT cells prevent ConA-induced liver dam-age, we examined important effector pathways, including serum cytokine bursts, neutrophil recruitment into liver, and apoptosis of NK and NKT cells (8, 33) . As shown in Figure 8A , ConA-induced serum cytokine levels of IFN-γ, IL-12, TNF-α, and IL-4 were considerably inhibited in sulfatide-treated mice. Similarly, the ConAinduced influx of neutrophils into the liver was significantly inhibited in sulfatide-treated mice (Figure 8 , B and C). In addition, there was a marked decrease in annexin V + NKT cells and a complete absence of annexin V + NK cells in sulfatide-treated mice ( Figure  8D) . A summary of the percentage of annexin-V + NKT and NK cells is shown in Figure 8E . These data clearly indicate inhibition of the apoptosis of NK and NKT cells in sulfatide-treated mice.
Discussion
Recognition of CD1-bound self glycolipids by NKT cells is crucial in the rapid activation of innate-like immunity, with important consequences for the adaptive immune response. Here we describe what we believe to be a novel mechanism of cellular interactions in the liver among distinct CD1d-restricted NKT cell populations and DCs and its potential role in the induction of tolerance in hepatic inflammation. Our data show that activation of sulfatidereactive type II NKT cells and pDCs in the liver leads to a rapid recruitment of iNKT cells that become anergic and are able to block inflammatory liver disease (34) .
Activation of iNKT cells using the foreign glycolipid α-GalCer, which binds with very high affinity to CD1d as well as the invariant TCR (31), leads to rapid cytokine secretion, TCR downregulation, and apoptosis (12, (16) (17) (18) (19) . In contrast, following recognition of the self glycolipid sulfatide, a subset of CD1d-restricted type II NKT cells are activated without any significant downregulation of their TCRs or apoptosis. Whether iNKT cells also behave in a similar fashion following activation with self-glycolipid ligands such as iGB3 is not known at present. What is known is that, unlike α-GalCer, iGB3 does not activate iNKT cells upon i.v. injection, and iGB3/CD1d tetramers do not stain iNKT cells (15) . The immune cascade following iNKT activation with α-GalCer that includes liver damage (17) and activation of NK cells, B cells, and other CD4 + and/or CD8 + T cells (35) did not follow activation of type II NKT cells with sulfatide; accordingly, no considerable liver damage or activation of B, NK, and T cells was found. These observations suggest that consequences following self-glycolipid recognition by both iNKT and type II NKT cells may be different from those initiated by α-GalCer, which behaves more like a superantigen (36) . The rapid recruitment of iNKT cells into liver following sulfatide injection described here mimicked their recruitment in a
Figure 6
Adoptive transfer of hepatic DCs from sulfatide-treated IL-12p40 +/+ mice, but not from IL-12p40 -/mice, induces anergy in iNKT cells in recipients. Shown are CFSE dilution and [ 3 H]-thymidine incorporation of splenocytes in response to in vitro challenge with α-GalCer in recipient WT (IL-12p40 +/+ ) mice. Groups of WT or KO (IL-12p40 -/-) mice (n = 10 per group) were injected with sulfatide, β-GalCer, or PBS. One day later, purified liver CD11c + DCs (4-5 × 10 5 ) from donor mice were injected i.v. into WT recipients. Two days later, splenocytes were assayed for in vitro proliferation to α-GalCer, and analysis was performed as in Figure 5 , C and D. Numbers above brackets indicate percent positive cells. *P < 0.001 in sulfatide-treated WT groups versus PBS-treated WT, β-GalCer-treated WT, and sulfatide-treated IL-12 KO groups. Data are representative of 2-3 individual experiments.
contact hypersensitivity model following skin sensitization (34) . iNKT cells are activated during the hypersensitivity as a result of release of self glycolipids and activation of DCs. In contrast, iNKT cells were anergized in our experiments, which may relate to inefficient activation of DCs as well as the lack of release of self glycolipids specific for these NKT cells.
Although how the interaction of pDC and type II NKT cells results in the induction of anergy in iNKT cells is not precisely known, several observations indicate their nonresponsiveness to α-GalCer: (a) lack of upregulation of the early activation marker CD69 ( Figure 5A ); (b) lack of cytokine secretion ( Figure 5B) ; (c) absence of enhanced autologous killing against syngeneic thymocytes (data not shown); (d) failure to proliferate in response to α-GalCer in vitro in the absence of exogenously added IL-2 ( Figure  5 , C and D, and Figure 6 ); and (e) inability to mediate ConA-induced liver damage (Figure 7 , B and C, and data not shown). These data also highlight a nonreciprocity among NKT cell subsets: activation of sulfatide-reactive type II NKT cells affected the iNKT cell population, whereas type II NKT cells remained unaffected following activation of iNKT cells by α-GalCer ( Figure 1A ). This may be the result of a functional difference among distinct NKT cell subsets or of involvement of myeloid versus lymphoid DC populations.
Distinct APC populations in liver can become involved during the presentation of glycolipids to distinct populations of NKT cells. Thus in the liver, it is primarily Kupffer cells, whereas in spleen, DCs are most effective in stimulating iNKT cells by α-GalCer (37, 38) . Interestingly, consistent with earlier findings (32) , in liver activation of mDCs with concomitant downregulation of pDCs occurred following iNKT activation (Figure 2A) . In contrast, primarily pDCs are activated following stimulation of type II NKT cells (Figure 2, A, B , and E). Our data suggest that presentation of sulfatide by pDCs to type II NKT cells results in a reciprocal activation of pDCs, with release of IL-12, upregulation of MIP-2, and recruitment of iNKT cells into the liver. MIP-2 has also been shown to be important in iNKT cell recruitment into the spleen during tolerance induction (39) . Inactivation of iNKT cells in recipients of DCs from sulfatide-treated mice clearly indicate that hepatic DCs play a key role in cellular interactions, leading to the unresponsiveness of iNKT cells. Thus DCs activated or modified following interaction with type II NKT cells could be used for intervention in liver inflammation. We have also found that type II NKT-modified DCs were inefficient in priming proteolipid protein-reactive CD4 + T cells that mediate EAE in SJL/J mice (I. Maricic and R. Halder, unpublished observations). Thus the pDC-NKT-mediated pathway may be exploited in the modulation of autoimmune diseases and in antitumor immunity (E. Ambrosino, unpublished observations).
Sulfatide-reactive type II NKT cells are less abundant in mice than are iNKT cells (23) . It is interesting that the activation of sulfatidereactive type II NKT cells resulted in an increase in serum IL-12 and IFN-γ, but not IL-4, as occurred following activation of iNKT by α-GalCer. Similar to the role of DC-derived IL-12 in the antiviral (40, 41) and antimalarial responses mediated by iNKT cells (42) , our data suggest a crucial role for hepatic pDC-derived IL-12 in the recruitment and inactivation of iNKT cells. Sulfatide administration prevented ConA-induced hepatitis (Figure 7 , A-C) as well as antigen-induced EAE (ref. 23 and our unpublished observations) in WT mice but not in IL-12p40 -/mice. Furthermore hepatic DCs from sulfatide-treated IL-12p40 +/+ but not from IL-12p40 -/mice induce anergy in recipient's iNKT cells ( Figure 6 ). Collectively these data suggest that the DC-generated cytokine/chemokine milieu can mediate differentiation, migration, and recruitment of iNKT cells to modulate autoimmune and infectious diseases.
Several previous studies have shown that intrahepatic iNKT cells are crucial in mediating inflammatory liver disease (6) (7) (8) . It is clear from our data that anergic iNKT cells are inefficient in recruiting and activating neutrophils into liver parenchyma and thus do not mediate inflammatory liver damage. Serum cytokines, liver enzymes, and NK and NKT cell apoptosis were substantially inhibited following sulfatide-mediated anergy in iNKT cells. Recently, pDCs have been shown to act as tolerance-inducing APCs following interaction with CD4 + CD25 + Tregs and to suppress allo-responses in both mice and in humans (43, 44) . Thus interaction of pDCs with CD4 + CD25 + Tregs or NKT cells can lead to their regulatory phenotype and may represent a novel pathway that can be used to inhibit recruitment of leukocytes into specific tissues in inflammatory conditions.
In general, iNKT cells are autoreactive or memory-like and express early activation markers (45) . Accordingly, iNKT cells can be activated even in the absence of exogenous administration of a lipid ligand in the presence of fully activated DCs that can provide either a second signal, the cytokine IL-12 (46) , or self glycolipids whose synthesis increases following a bacterial infection (47) . Our results indicate that in vivo activation of sulfatide-reactive type II NKT cells does not lead to activation of mDCs, thus suggesting a requirement of fully activated mDCs for the activation of iNKT cells in vivo.
Recently, iNKT cells have been shown to be associated with the increased severity of chronic allergic asthma (48) . Alteration in the number or cytokine secretion profile of iNKT cells has also been suggested to play an important role in human type I diabetes (49) . Similarly, several studies in experimental models of autoimmunity have shown that the manipulation of iNKT cells, through either elimination or alteration of their cytokine secretion profile, can have significant consequences in disease progression (reviewed in ref. 50 ). The results presented here demonstrate what we believe to be a novel pathway of interactions among NKT cell subsets mediated by a physiologically relevant self-lipid antigen that can be used to inhibit type I responses and ultimately disease outcome. In addition to the ConA-induced hepatitis, sulfatide-mediated treatment of 3 different EAE models of multiple sclerosis (I. Maricic, unpublished observations) as well as diabetes in NOD mice (our unpublished observations) further elucidate the importance of anergy induction in iNKT cells in the potential treatment of autoimmune diseases. Because CD1 molecules, unlike the class Ia MHC molecules, are nonpolymorphic, insight into these pathways will be extremely valuable in the development of non-HLA-dependent therapeutics for inflammatory diseases.
Methods
Animals. Female C57BL/6 and C57BL/6-IL-12p40 -/mice (6-8 weeks old) were purchased from The Jackson Laboratory. C57BL/6-CD1d -/and C57BL/6-Jα18 -/mice were originally generated by Van Kaer and Taniguchi (12, 51) , respectively, and were kindly provided by M. Kronenberg (La Jolla Institute for Allergy and Immunology, La Jolla, California, USA). All mice were bred and maintained in specific pathogen free-conditions. All experiments were approved by the Institutional Animal Care and Use Committee of the Torrey Pines Institute for Molecular Studies.
Reagents. Myelin-derived lipids were purified (>90% pure) and purchased from Matreya Inc. Synthetic α-GalCer was provided by Y. Koezuka (Kirin Brewery Co., Tokyo, Japan). All lipids were dissolved in vehicle (0.5% polysorbate-20 and 0.9% NaCl solution) and diluted in PBS. Sulfatide (20 μg) in PBS (200 μl/mouse), 2 μg α-GalCer (200 μl/mouse), 2 μg β-GalCer (200 μl/mouse), or 200 μl PBS were injected i.p. For antibody blocking experiments, mice received blocking IL-12 (p40/p70) [0.3 mg anti-human IL-12 (p40/p70) mAb clone C8.6; eBiosciences], MIP-2 mAbs (0.1 mg anti-mouse MIP-2 mAb clone 40605.11; R&D Systems), or IgG1 isotype-matched control antibody in PBS (200 μl) i.p. 12-24 hours before sulfatide injection. ConA was purchased from Vector Laboratories.
Cell isolation and adoptive transfer. Hepatic lymphocytes were isolated using the Percoll gradient as described previously (23) . Briefly, following anesthesia with isoflurane (Baxter), mice were perfused with chilled PBS. Liver was removed, cut into small pieces, and pressed through a 70-μm nylon cell strainer (BD Falcon; BD Biosciences) and suspended in DMEM with 2% heat-inactivated FBS. Cells were washed with medium at 860 g for 10 minutes. Liver mononuclear cells (MNCs) were isolated on a Percoll (35% Percoll containing 100 U/ml heparin) gradient. Splenocytes were obtained by pressing the spleen through a 70-μm nylon strainer and were resuspended in medium followed by lysis of erythrocytes using rbc lysing buffer (Sigma-Aldrich). CD11c + DCs were purified from liver MNCs by positive selection with CD11c + Micro Beads on a Mini MACS column (Miltenyi Biotec Inc.) according to the manufacturer's protocol (>90% pure). CD11c + DCs from IL-12p40 +/+ or IL-12p40 -/donors were isolated 24 hours after sulfatide injection, and were injected (4-5 × 10 5 cells/mouse) i.v. into IL-12p40 +/+ recipients. Two days later, liver MNCs and splenocytes were isolated from recipients and subjected to proliferation assays.
Flow cytometry. MNCs were suspended in fluorescence-activated cell sorting buffer (1-2 × 10 6 cells/ml) containing PBS in 0.02% NaN3 (w/v) and 2% FBS (v/v). Cells were first incubated with antibodies against FcR-γ (clone 2.4G2; BD Biosciences) and then labeled with the antibodies indicated in Figures 1-6 and 8 . All FITC-, PE-, CyChrome-, and allophycocyanin-conjugated mAbs were acquired from BD Biosciences. PE-labeled α-GalCer/ mouse CD1d and sulfatide/mouse CD1d tetrameric complexes were generated with mouse CD1d protein purified using in a baculovirus expression system as described previously (23) . Anti-mouse PDCA-1 (clone JF05-1C2.4.1) was purchased from Miltenyi Biotec Inc. For intracellular cytokine staining (ICCS), liver MNCs were cultured for 4-6 hours with 500 ng/ml ionomycin and 10 ng/ml PMA in the presence of Golgi-plug (1 μl/ml). Cells were harvested and washed, and intracellular staining was performed according to the manufacturer's protocol (BD Biosciences). For IL-12 analysis, purified CD11c + DCs were incubated with 5 μg/ml LPS or medium alone overnight before ICCS. Analysis was performed using a FACSCalibur instrument with CellQuest software (version 4.0.2; BD).
Hepatitis and histopathology. To induce autoimmune hepatitis, mice were injected i.v. with 10 mg/kg of ConA. Sulfatide (20 μg) was administered i.p. immediately after ConA injection. Control mice were injected with PBS (200 μl/mouse). For histopathology, liver tissue slices were fixed in 10% formaldehyde solution and kept at room temperature until use. H&E staining was performed by Pacific Pathology Inc.
ELISPOT, ELISA, and enzyme analysis. The frequency of IFN-γ-and IL-4producing cells was determined by cellular ELISPOT assay as described previously (23, 52) . For ELISA, serum was collected following glycolipid and/or ConA administration and stored at -20°C until use. IFN-γ, IL-4, TNF-α, and IL-12 (p40/p70) levels were measured at 0, 1, 3, 6, 12, 24, 48, and 96 hours using sandwich ELISA as described previously (23, 52) . Serum levels of ALT and AST were measured by the Laboratory Corporation of America and IDEXX.
Real-time PCR analysis. mRNA was isolated from frozen liver tissue using the RNeasy Mini Kit (QIAGEN) according to the manufacturer's protocol. The specific primers were used as follows: MIP-2 sense, 5′-GAACAAAGG CAAGGCTAACTGA-3′; antisense, 5′-AACATAACAACATCTGGGCAAT-3′; cyclophilin sense, 5′-GGCCGATGACGAGCCC-3′; antisense, 5′-TGTCTTT-GGAACTTTGTCTGCAA-3′. Real-time PCR was carried out using Brilliant SYBER Green QPCR kit (Stratagene) on a Stratagene Mx3000p machine. The calculation of comparative mRNA expression was performed by the Stratagene Mx3000p software (version 1.2) and was designated as relative quantity after normalization against internal control gene (cyclophilin) and after consideration of amplification efficiency of individual genes.
Measurement of proliferation responses and CFSE dilution analysis. For proliferation assays, 8 × 10 5 splenocytes were cultured in vitro for 72 hours in the presence of graded concentrations of α-GalCer (0.1-100 ng/ml), and [ 3 H]-thymidine incorporation was measured as described previously (23, 
